Context: Women with autoimmune Addison's disease with normal ovulatory cycles but positive for steroid cell antibodies (StCA) have been considered at risk of premature ovarian insufficiency (POI). Design: Thirty-three women younger than 40 years, with subclinical-clinical autoimmune Addison's disease but with normally ovulatory menses, were followed up for 10 years to evaluate the long-term time-related variations of StCA, ovarian function and follicular reserve. All patients and 27 control women were investigated at the start and every year for the presence and titre of StCA (by indirect immunofluorescence), serum concentrations of anti-Mullerian hormone (AMH) and ovarian function at four consecutive menses every year. Results: At the start of the study StCA were present in 16 women (group 1), at low/middle titres (≤1:32) in seven of them (43.8%, group 1A), at high titres (>1:32) in the remaining nine patients (group 1B, 56.2%), while they were absent from 17 patients (group 2). During the follow-up period, all women in group 1A remained StCA-positive at low/middle titres with normal ovulatory menses and normal gonadotrophin and AMH levels, while all patients in group 1B showed a further increase of StCA titres (1:128-1:256) and progressed through three stages of ovarian function. None of the patients in group 2 and controls showed the appearance of StCA or ovarian dysfunction during the follow-up. Conclusions: The presence of StCA at high titres can be considered a good predictive marker of subsequent development of autoimmune POI. To single out the stages of autoimmune POI may allow a timely therapeutic choice in the subclinical and early clinical stages.
Introduction
The definition of premature ovarian insufficiency (POI) has replaced the old term premature ovarian failure (POF) to emphasise the progressive decline in ovarian function in women aged younger than 40 years (1) . This term indicates a condition characterised by an unpredictable course from normal ovulatory cycles and possible natural pregnancy to a condition of hypergonadotrophic amenorrhoea and infertility. In this time span, normal/high FSH levels and sporadic ovulatory cycles, due to persistence of residual follicular activity, may still be observed (2, 3, 4, 5) . As in other endocrine diseases, some cases of POI fulfill the criteria defining an autoimmune disease, such as lymphomonocytic infiltration of the target gland, presence of serum antibodies against the respective target organs, association with other autoimmune diseases and family history of autoimmune diseases (6, 7) . Concerning this, a high prevalence of POI has been shown in women with autoimmune diseases such as autoimmune thyroid disease, type 1 diabetes, celiac disease, myasthenia gravis and systemic lupus erythematosus (6) . Recently, a particularly high prevalence of association of POI with autoimmune thyroid disease, in the context of autoimmune polyglandular syndrome type 3 (APS-3), has been found by Szlendak-Sauer et al. in 33 of 98 patients (33.7%) with POI (8) . However, autoimmune oophoritis has been unequivocally demonstrated by ovarian biopsy (2, 6) almost exclusively in women with POI associated with autoimmune Addison's disease and the presence of serum steroid cell antibodies (StCA-related POI) (9, 10, 11, 12, 13) . In fact, in these cases, histopathological findings show selective lymphomonocytic infiltration around the cells of the growing follicle theca. StCAs were detected by indirect immunofluorescence in cryostat sections of the adrenal gland, ovary, testis and placenta, indicating that the self-antigens recognised by these antibodies are not confined to the ovary, but also expressed in the adrenal cortex and testis (12, 13, 14, 15, 16) . With regard to ovarian tissue sections, the immunofluorescence pattern of StCA is restricted to the theca cells of the growing follicles. It has been observed that StCA are present in sera of the majority of patients with autoimmune Addison's disease and POI (80-90%) (12) . The finding of antibodies to 17-α hydroxylase (17-OHAb) (17) and to P-450 sidechain cleavage enzyme (P-450sccAb) (18) in some of these sera, suggests that 17-OH and P-450-scc can be considered the main targets of StCA (13, 15) . However, StCA or 17-OHAb and P-450sccAb may also be detected before the development of POI in some women with autoimmune Addison's disease and with still normal ovulatory cycles (16) . Few longitudinal studies have been carried out on the preclinical stage preceding autoimmune POI. In particular, several years ago, some authors investigated longitudinally the immunological and functional pattern of patients with autoimmune Addison's disease, positive for adrenal cortex autoantibodies (ACA), 21-OHAb and StCA but without POI (11, 13, 19) . They found that these patients may progress, during a follow-up period, from a potential stage of autoimmune POI with persisting normal ovulatory menses and normal levels of FSH and LH, directly to a clinically overt stage of POI with development of hypergonadotrophic amenorrhoea. By contrast, results from Nelson (20, 21) suggested that the progression from a potential to clinically overt stage of POI is characterised by many more complex intermediate occult and biochemical states in which regular menses, high FSH levels and reduced fertility may be observed. However, at this time, the occurrence of the subclinical phase of autoimmune POI associated with reduced fertility has not been clearly demonstrated, even though the possible occurrence of resumption of ovarian function in patients with POI has been reported (22) . With this in mind, and considering that the evaluation of anti-Mullerian hormone (AMH) has been considered a reliable tool to identify patients at risk of developing POI (23, 24, 25) , we planned this longitudinal study, aimed at investigating, in Italian women with autoimmune Addison's disease but with still normally ovulatory cycles, the time-related relationship between StCA appearance and ovarian function associated with assessment of follicular reserve by the evaluation of AMH levels.
Patients and methods
This is a 10-year prospective observational study including 33 women (aged less than 40 years) with autoimmune Addison's disease, enrolled from 1993 to 2004. In particular, 25 of them showed symptoms and signs of adrenal insufficiency with low basal cortisol and high basal ACTH levels. They belonged to the large cohort of patients, previously diagnosed and included among the Italian Addison network study, a study group consisting of 14 endocrinology centres identified by the Italian Society of Endocrinology for the etiological classification of Addison's disease (26) . Moreover, eight women (aged less than 40 years) with subclinical autoimmune Addison's disease, recruited at the Endocrinology Unit of the University of Campania 'Luigi Vanvitelli' among a large cohort of patients with organ-specific autoimmune diseases, such as thyroid autoimmune diseases, type 1 diabetes mellitus, celiac disease, and vitiligo, were also included in the study. They did not show clinical signs and symptoms of Addison's disease but hormonal pattern characteristics of functional adrenal stage 2 of the disease, such as high PRA with normal/low aldosterone levels, normal basal ACTH and cortisol concentrations but impaired cortisol response to ACTH stimulation, as previously described (29) . To be included into our study, all the patients had to be previously found positive for ACA and 21-OHAb (in the four laboratories of the study group selected for the immunological analysis) but had to present with still regular ovulatory menses, normal body mass index and normal female karyotype. All of them had a family history of autoimmune diseases. Exclusion criteria were the presence of family history of the fragile X syndrome, POI, hyperprolactinemia, dementia, tremor, ataxia or symptoms and signs likely indicating Parkinson's disease. Patients with clinically overt Addison's disease were under replacement corticosteroid/fludrocortisone therapy (27, 28) .
Moreover, 27 age (18-27 years) and body massmatched normal women with regular ovulatory menses and lifestyle habits comparable to those of the patients, enrolled among the female students, doctors and endocrinologists attending our department, were also studied as control group. All patients and controls gave their written informed consent to be enrolled into this longitudinal study, which was approved by the Local Institutional Review Board.
Study protocol
Ovarian function was studied in all patients and in the control group, at the beginning of the study and for four consecutive menses every year until the end of the follow-up (10 years) or at the time of the onset of POI. Antibody evaluation and the serum AMH concentrations were determined in all patients and controls at the start and every year at the occurrence of a menstrual cycle, when occurring, until the end of the study.
Ovarian function evaluation
In all women LH, FSH (by immunometric assay by monoclonal antibodies) and 17-β-oestradiol (by RIA) were measured in the early follicular phase and values were considered normal when the concentration of gonadotrophins was less than 10 mU/mL and those of 17-β-oestradiol ranged from 50 pg/mL to 110 pg/mL. Moreover, the finding of progesterone levels (by RIA) >10 ng/mL in two serial assays on samples obtained in the mid-luteal phase of the cycle was taken as indicative of ovulation with its consequent luteal phase. We defined normal fertility as ovulation present in all 4 consecutive months, subfertility as ovulation occurring in at least one cycle of the 4 consecutive months, and infertility as ovulation was lacking for all 4 consecutive months.
According to Nelson (20, 21) and the most recent recommendations of ESHRE guideline group (5), primary ovarian insufficiency is defined as a loss of ovarian activity before 40 years of age, characterized by menstrual disturbance (amenorrhoea or oligomenorrhoea) for at least 4 months associated with high gonadotrophin and low oestradiol levels.
Antibody evaluation
ACA and StCA were evaluated in all patients and controls at the start and every year, until the end of follow-up period; by contrast 21-OHAb, 17-OHAb and P450sccAb were determined only at the start of the follow-up period in all patients. ACA and StCA were detected by indirect immunofluorescence on cryostat sections of monkey adrenal, ovary and testis with initial 1:8 serum dilution, as previously described (12) . Sera reacting only against the cytoplasm of adrenal cortex cells were considered ACA positive; those reacting against the cytoplasm of adrenal cortex cells, Leydig cells and ovarian theca cells were considered StCA-positive. With regards to the StCA level, we considered arbitrarily a titre of 1:32 as a cut-off between low-middle and high titre. Finally, 21-OHAb, 17-OHAb and P450sccAb were measured by radiobinding assay with recombinant human 21-hydroxylase, 17α-hydroxylase and cholesterol side chain cleavage enzyme radiolabelled with 35 S, as previously described (16, 28, 29) .
AMH detection
Serum AMH was measured by ELISA using the AMH/MIS ELISA kit, as previously described (16) . The normal values in fertile women ranged from 3 ng/mL to 6 ng/mL.
Moreover, in all patients and controls, thyroid function and prolactin were also evaluated from year to year. Finally, at the end of the study, all patients with onset of clinical POI underwent a pelvic ultrasound examination (antral follicle count) and Fragile X premutation testing.
Results
On the basis of the presence or absence of StCA at the start of the study, patients were divided in two groups: group 1, consisting of 16 women (age range 15-25 years) who were StCA positive; group 2, consisting of 17 women (age range 18-26 years) who were StCA negative.
The basal characteristics of the patients are illustrated in Table 1 . With regard to the group 1 patients, two showed not only the presence of StCA but also 17-OH and P450 antibodies (12.5%). For the association with other autoimmune diseases, 10 out of 16 in group 1 (62.5%) and 13 out of 17 in group 2 (76.5%) presented coexistence of other autoimmune diseases. In particular, according to the revised classification (30) of APS, complete APS type 1 was observed in one of patients in group 1, incomplete and complete APS type 2 were evident in one and in six, women in group 1, respectively and in seven and three in group 2, respectively; while incomplete APS type 4 was diagnosed in two and in three patients in group 1 and in group 2, respectively. As regards the titre of StCA in patients in group 1, these antibodies at the start were present at low/middle titres (from 1:8 to 1:32) in seven (43.7%, group 1A) and at high titres (>1:32) in nine (56.2%), group 1B). Time-related variations of StCA, LH, FSH and AMH in group 1A, 1B and group 2 (StcAnegative patients) are depicted in Fig. 1 . In particular, the left side of the figure illustrates the variations of patients in group 1A and of controls, while the right side of the figure illustrates the variations of patients in group 1B and group 2. During the follow-up, all patients in group 1A remained StCA-positive at low/middle titres without further increase of the titre (Fig. 1a, left side) , normal LH/FSH levels ( Fig. 1b and c , left side) and AMH concentrations (Fig. 1d , left side) and without alterations of their menstrual cycles. In contrast, all patients in group 1b, starting from the fourth year and until the end of the follow-up, showed a further progressive increase of the StCA titres (P < 0.001 vs previously observed titres) progressing through three stages of ovarian function (Fig. 1a, b , c, and d, right side, Tables 2 and 3 ). In particular, Stage 1, characterised by normal ovulation in all four consecutive menses associated with LH/FSH and AMH concentrations in the normal range; Stage 2 (subclinical stage), characterised by an increase in all nine patients of both StCA titre and LH and FSH levels starting from the fourth year of observation (P < 0.001, vs previous levels) but with still normal ovulatory menses and AMH concentrations; Stage 3a (early clinical stage of POI), characterised by oligomenorrhoea and subfertility (occurrence of at least one ovulation in the four cycles investigated) starting from about the seventh year of observation, associated with persistent high gonadotrophin levels but a significant decrease in AMH concentrations (P < 0.001 vs previous values). In this stage, the presence of residual follicles was evident from trans-vaginal ultrasound in all patients, as well as the absence of the Fragile X premutation, by the appropriate specific testing. Stage 3b (late clinical stage of POI), characterised by clinically overt POI in seven of the nine patients presenting with menstrual disturbance (oligomenorrhoea in three, amenorrhoea in four), further decrease of AMH concentrations and further increase of FSH and LH levels (in the 8 years in two patients, and at the end of the follow-up in the remaining five). The decreased concentration of AMH at the beginning of overt POI was particularly remarkable compared with the values detected in the previous phases.
All patients in group 2 ( Fig. 1 , right side) and normal controls (Fig. 1, left side) , negative for StCA at the start, remained StCA-negative throughout the whole follow-up period, without ovarian dysfunction and with AMH concentrations persistently in the normal range. As result, a significantly higher incidence (P < 0.001) of POI was observed in women with autoimmune Addison's disease in group 1 than in those in group 2. As regards the potential of developing ovarian failure (subclinical and clinical POI), we found a positive predictive value of 100% when the initial titre of StCA was >1:32, while a predictive value was not found when the initial titre was ≤1:32. Finally, none of patients and controls showed alterations of thyroid function and of prolactin levels throughout follow-up.
Discussion
The natural history of autoimmune endocrine diseases usually evolves through three main phases: potential, subclinical and clinically overt dysfunction of the affected endocrine gland. The predictive role of the respective organ-specific antibodies in these diseases seems to depend on their initial titres: in particular, when present at high titre in preclinical phase, they have been considered good predictive markers of subsequent clinical impairment of the respective glands (15, 29, 30, 31, 32, 33) . According to our results, the predictive role of StCA for the future development of POI seems also to depend on the starting titre in patients with autoimmune Addison's disease. In fact, in our patients, the high basal titre with progressive increase during the follow-up was accompanied by a progression from regular ovulatory menses, to subsequent irregular menses and subfertility until a clinically overt POI. Moreover, we have demonstrated for the first time, that in the natural history of autoimmune POI, the potential stage does not progress directly to the clinical stage, as previously described (11, 13, 19) , but through the occurrence of a subclinical stage, characterised by the progressive increase in StCA titres and gonadotrophin concentrations, accompanied by normal ovulatory menses and normal AMH concentrations. Subsequently, the transition to the clinical stage is characterised by a further increase in StCA titre and gonadotrophin levels, and a progressive significant decrease in AMH concentrations, associated with ovarian dysfunction. Consequently, we hypothesise that, as described for other organ-specific antibodies in other autoimmune endocrine diseases, the high basal StCA titre and its subsequent progressive increase should be considered an accurate marker of evolution of the immune process involving the theca of growing follicles, leading to autoimmune oophoritis in the clinical stage of autoimmune POI. However, a possible role for inhibin in discriminating autoimmune oophoritis from other forms of POI has to be taken into account (34) . The persistence of normal ovulatory menses in relation to the initial increase of StCA titres can be explained by a possible compensatory role of increased pituitary FSH and LH release, while the further progressive increase of these antibodies during the follow up could reflect a time-related partial destruction of theca cells, with consequent further increases in FSH/LH concentration and still not irreversible ovarian dysfunction (early clinical stage), characterised by the occurrence of oligomenorrhoea associated with subfertility in some patients. Thus, our results indicate that the appearance of clinical autoimmune POI may not only be characterised by amenorrhoea, but also by the presence of irregular menses with further reduction (but still possible persistence) of fertility and that the progression from a potential to clinical stage of POI in our patients was strictly correlated with the time-related variations of StCA titre. For this reason, we suggest that the transition from the subclinical to the early clinical stage of autoimmune POI corresponds to the occult-biochemical states of POI previously described (35) . Only when the prolonged autoimmune attack, with further StCA titre increase, irreversibly damages the follicular reserve of the ovary (late clinical stage) do AMH concentrations dramatically decrease, accompanied by stable hypergonadotrophic oligomenorrhoea/amenorrhoea and infertility. Previous studies have recommended the screening for 21-OHAb, or alternatively ACA, in POI associated with suspected autoimmune disorders and in POI of unknown causes (5). However, considering the occurrence of subclinical or clinical POI in our StCA-positive patients, but not in those StCA-negative (even if positive for ACA and 21-OH Ab), we suggest on the one hand that the prevalence of autoimmune POI in patients with autoimmune Addison's disease positive for StCA could be higher than that so far reported, and on the other that only StCA, but not ACA and 21-OHAb, may be considered a predictive marker of this ovarian dysfunction, particularly when persistent and present at high titres. Thus, an immunofluorescence screening for StCA simultaneously on the testis, ovary and adrenal gland on the same glass slide, avoiding searching for ACA or 21-OHAb, may be considered an appropriate diagnostic tool, also reducing the cost/benefit ratio. However, the relationship between the different adrenal antibodies and StCA in patients with Addison's and POI is still being discussed. In our previous cross-sectional and longitudinal studies, a strong correspondence between ACA and 21-OHAb was observed both in subclinical and clinical Addison's disease (29) ; however, the presence of 17OHAb and P450sccAb was not always associated with the presence of StCA in the sera of patients with Addison's disease and POI, at least in the first observations (12, 13) . In fact, some sera positive for 17OHAb and P450scc Ab at low titres were negative for StCA, even though a subsequent seroconversion for StCA was observed in all cases. Conversely, other sera found positive for StCA appeared negative for17OHAb and P450sccAb. Brozzetti et al., testing the sera of 112 females with autoimmune Addison's disease without POI (belonging to this multicentre study and thus also including our patients), showed that only 10% and 14% were positive for 17OHAb and P450sccAb, respectively (27) . The presence of 17OHAb and P450sccAb only in two (12%) of a cohort of StCA-positive patients suggests that a serum reactivity to as yet unidentified autoantigens (different from 17α-OH or P450scc) could be responsible for a positive immunofluorescence signal (13) . Thus, even if StCA could appear to be highly specific for the development of POI, further comparative studies on the longitudinal behaviour of 17OHAb, P450sccAb and StCA in a greater cohort of patients are needed to clarify these aspects further and confirm the specificity of these antibodies. This could be an advisable choice, not only in women with POI of unknown origin or with a suspected autoimmune disorder, but also in those with an individual or familial history of autoimmunity without ovarian dysfunction but at risk of future POI.
A final but equally interesting message from our longitudinal study emerges from the evaluation of the time-related variations of AMH concentrations, since AMH is considered the best hormonal marker for estimating the ovarian follicle pool and for identifying patients at risk of developing POI (23, 24, 25, 26, 36) . In a recent Italian Addison network study, La Marca et al. found normal serum AMH concentration in two-thirds of women recently diagnosed with StCA-related POI (16, 33) providing the first demonstration of the existence of a subgroup of women with autoimmune POI but with a preserved ovarian follicle pool. The authors suggested that future studies on the dynamic variations of serum AMH concentrations in women with autoimmune Addison's disease at risk of StCA-related POI could provide important information on the rate of loss of follicle reserve.
The longitudinal changes in AMH concentration in our patients with autoimmune Addison's disease, and its relationship with the time-related variations of StCA and ovarian function showed that, when StCA titres increased, oligomenorrhoea associated with high LH/FSH levels and subfertility appeared, and AMH levels were still detectable but significantly lower than those previously found when normal ovulatory menses were still present. Conversely, when clinically overt POI occurred, AMH levels, even if still detectable in some cases, showed a further decrease with respect to those found in the subclinical stage. In this connection, we suggest that the AMH assay may be particularly useful in subclinical (stage 2) and early clinical phase (stage 3a), because the finding of decreased but still detectable values may indicate the persistence of a residual follicular pool. Thus, this staging is particularly relevant for affected women wishing to conceive, because the longitudinal changes in AMH values seems to indicate that a residual follicular pool may persist until the early clinical stage of autoimmune POI, when the autoimmune process has not completely destroyed the theca and granulosa cells, and POI could be still reversible (22) , likely allowing natural or assisted pregnancies (37, 38) . Moreover, since further important comorbidities are usually associated with clinically overt POI, such as cognitive dysfunction and psychological distress, autoimmune diseases, urogenital atrophy, osteoporosis and cardiovascular diseases (5, 39) , the staging of POI could also be useful, with timely oestrogen replacement (40) , respectively. This should also be in agreement with the recent ESHRE guidelines on the management of women with POI (5), recommending oestrogen replacement therapy with early initiation to prevent in particular osteoporosis and cardiovascular diseases, which are frequently the consequence of POI. The assumptions derived from our results may not be generalised, because they regard only POI affecting women with Addison's disease, in whom the autoimmune adrenal impairment could play a confounding role. Moreover, a further limitation of our study is the small number of patients, especially in 1A and 1B subgroups, also caused by the withdrawal of some patients during the prolonged follow-up. Future studies have to be planned and performed on a larger group of women in subclinical and early clinical stage of POI also without Addison's disease, aimed at confirming the staging of the disease and the effects of the suggested therapeutic option on their fertility, and also on the occurrence and the progression of associated comorbidities.
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